A numerical procedure for crack width evaluation of steel-concrete composite girder bridges under negative bending moment is proposed. The procedure is combination of 3-dimensional finite element (FE) analysis with smeared crack model and a bond-slip differential equation. From the FE analysis, the averaged behaviour including shear-lag as well as cracking is calculated. Then, the crack width is evaluated by using the differential equation and the FE results. Attention is paid to the consistency between the FE modelling and the employed bond-slip differential equation. The obtained crack widths are shown to compare well with those from experiments on composite girder specimens.
INTRODUCTION
In steel-concrete continuous composite girder bridges, negative bending moments produce tensile forces in concrete slabs near intermediate supports. These tensile forces can cause cracking of the concrete slabs even under service loads. Since cracking of the concrete slab allows penetration of water thereby advancing corrosion of reinforcement, some measures are needed to ensure the durability of composite bridges under service loads. There are two methods to deal with cracking in design practice, firstly preventing cracks, and secondly allowing formation of cracks but keeping their crack widths within an allowable limit. If crack prevention method is adopted, prestressing by jack up/down of supports or installation of prestress cables has to be used. However, the design method allowing crack formation without prestressing is preferable in practice because of economy and simplicity at a construction stage.
In compliance with this demand, a crack-control procedure for composite girders has been specified in a draft Eurocode 4') since 1996. This procedure is based on Hanswille's theory2), in which a bond-slip differential equation for RC members is utilized for deriving a relationship between the crack width and the stress in a RC slab, and the beam theory is employed to evaluate the stress from the applied bending moment. Japanese crack-control procedures3), 4) are the essentially same as Hanswille's theory except for employing the empirical relationship between the crack width and the stress specified in Japanese standard specifications for concrete structures5) instead of that derived from the bond-slip differential equation in Hanswille's theory. In both crack control procedures, the effective width concept is utilized to take account of the shear-lag effect. The design formulae for effective width, however, are not originally intended to account for the shearlag effect on the crack width, In particular, for the Japanese crack-control procedure, the used effective-width formula prescribed in Japanese Specifications for Highway Bridgesb) (JSHB) is intended to evaluate the maximum stress at a flange-web juncture assuming elastic behaviour without cracking.
Hence, there is some doubt about applicability of the effective width formula in JSHB to crack width evaluation.
In this paper, first we investigate the applicability of JSHB's effective width formula based on the experimental data reported by Shito et al. 's. To this end, a composite girder specimen with a wide concrete slab is needed, and their experiment accords with this requirement.
Next, in order to propose a design formula for effective width of a flange, it is necessary to develop a numerical method for crack width evaluation, because the proposal of such a design formula requires many arametric studies. In most conventional studg>"' ies on shear -lag behaviour, linear elastic material properties are assumed, and only few attempts13 have so far been made at taking account of nonlinear behaviour due to cracking of concrete slab in a hogging bending region. Furthermore, the objective of this nonlinear shear-lag analysis13 is to evaluate an effective width for ultimate load-carrying capacity and not for crack width in a concrete slab. In this paper, hence, we propose a numerical procedure for crack width evaluation, in which the shear-lag effects can be taken into account. In chapter 4, the proposed procedure is verified through comparison with experimental data14. Although this paper addresses only proposal and verification of a numerical procedure for crack width evaluation, the proposed procedure can be utilized in future parametric studies to propose an effective width formula for the crack width problem.
APPLICABILITY OF EFFECTIVE WIDTH FORMULA TO CRACK WIDTH EVALUATION
In this chapter, we investigate applicability of the effective width formula specified in JSHB to crack width evaluation through comparison with experimental data. To this end, first an experiment conducted by Japan Highway Public Co. (JH) is introduced briefly in the next section. Then, the crack widths according to Japanese design recommendations5' 6) with the effective width formula are compared with the experimental data to verify the applicability.
(1) Experiment by Japan Highway Public Co.
Shito et al. 's conducted a loading test of a fullscale part of a composite 2-I girder bridge recently constructed in Japan15. The half of the cross section, and load and support conditions of the specimen are shown in Fig. l(a) and (b) , respectively. The specimen was loaded to reproduce a stress state near an intermediate support at a service load level of P=1590 kN.
Transverse crack widths were monitored with 7t gauges glued on the top surface of the concrete slab. Since the it gauges were installed only near steel Igirder positions(see Fig. l ), transverse crack widths only over the steel I-girders were measured, and no transverse crack widths in the central part of the concrete slab were reported. However, the reported crack pattern on the top of the concrete slab showed that transverse cracking localized into a region of the concrete slab over the steel I-girders, and that few cracks propagated into the central part of the concrete slab. This suggests that inelastic strain due to cracking near the I-girder is larger than in that in the central concrete slab, and accordingly that shearlag behaviour takes place in wide concrete slabs in recent 2 I-girder bridges. In the next subsection, we will investigate applicability of the effective width formula specified in JSHB by comparing these experimental data.
(2) Crack width evaluation with effective width JH's design manual3 recommends to evaluate the crack width w according to the following expression:
(la) When evaluating 6se with Eq. (lb), reinforcing bars within only the effective width of the concrete slab are taken into account. The stress increment 6se and accordingly crack width w hence vary with changing the effective width. Fig. 2 shows the relationship between the nondimensional effective width Be/B and the crack width evaluated from Eq. (1) for the specimen in Fig. 1 . In the calculation of w, we use cSC l20µ, f t=2. 92 MPa from the material test and monitoring results for this specimen'. In addition, the maximum and mean crack widths obtained from the experiment together with the nondimensional effective width evaluated from JSHB are plotted in Fig. 2 . It can be seen from Fig. 2 that the combination of Eq. (1) and the effective width formula in JSHB underestimates the maximum crack width, and that the effective width that gives the maximum crack width is about 47% smaller than that specified in JSHB. Of course, since this inadequacy in the effective width formula is judged from only one specific experimental result and the scatter of experimental maximum crack width is quite large, we can not conclude the inadequacy immediately. Nevertheless, it seems that the current effective width formula in JSHB should be used for the crack width evaluation with great care.
FE MODELLING AND METHOD OF CRACK WIDTH EVALUATION (1) Outline of proposed method
In the proposed procedure of crack width evaluation, first, 3D finite element analysis of composite girders is employed to evaluate average behaviour of reinforced concrete slabs, which include effects of concrete cracking and the shear-lag. The smeared crack model16 is used in the FE analysis. Then, the crack width is calculated from the average strains by using the bond-slip differential equation used by Hanswille2.
There are two main approaches for modelling concrete cracking in FE analysis, namely discrete crack models and smeared crack models. In the discrete crack approach, cracking is modelled as separation of an interface element between boundaries of elements. The separation occurs when the nodal force which is normal to the element boundaries reaches the tensile strength. It is possible to evaluate crack widths directly, but cracks need to follow the element boundaries. This approach requires introduction of additional nodal points and interface elements between each reinforcement bar and surrounding concrete. Consequently, the numerical implementation of the discrete crack model on large structures is very difficult in practice.
In the smeared crack approach, a cracked solid is considered to be a continuum in which the stressstrain relationships are still valid. After cracking, the initial isotropic stress-strain relation are replaced by an orthotropic stress-strain relation. Thus, the topology of the original finite element mesh is not required to be changed. Computationally, the smeared approach is very efficient and simpler, because only the constitutive relation are needed to be changed in the element region of interest after the appearance of cracks. Since large-scale analyses of real compositegirder bridges are required in the present problem, the smeared crack analysis was used.
(2) FE modeling of reinforced concrete member A constant cut-off criterion was used as a cracking criterion in the FE modeling of concrete. In this criterion, when the maximum principal stress attains to the concrete tensile strength, a crack occurs in the 39 (133s) direction normal to the maximum principal direction. In addition, the fixed crack model was used, because rotation of the principal stress after first cracking is negligible in the considered problem. A constant shear retention relation was used to take account of the reduction in the shear stiffness, due to cracking. Reinforcement steel bars were modelled as embedded elements. In this element, the bar elements do not have independent degrees of freedom. Instead, the stiffness of the bar elements were superposed on that of mother concrete elements. Although perfect bonding between concrete and embedded reinforcement is assumed in this modelling, bond-slip effect can be taken into account by using an average stress-strain relationship of reinforced concrete including tension stiffening effect. Fig. 3(a) shows a schematic figure of the average stress-strain relation derived from the bond-slip differential equation proposed by Hanswille explained in the next subsection. The state I corresponds to perfect bonding, while the state II to perfect cracking. The average stress 6 of a RC member is expressed in terms of average steel stress 6s and average concrete stress O, (2) where for a uniaxial stress state, the total region, while the subscript "m" stands for averaged quantities over the intact part. In the present smeared FE analysis, we obtain the averaged quantities over the total region as output.
Since the elastic perfectly plastic model is assumed for stress-strain relation of reinforcement steel as shown in Fig. 3(b) , the stress-strain relation for concrete can be derived from the average stressstrain relation from Hanswille's theory2 by using Eq. (5). The derived stress-strain relation of concrete is modelled as a multilinear curve in FE analysis.
(3) Crack width evaluation from average stresses In this subsection, a procedure for evaluating the crack width from the average stress is explained. In the proposed procedure, we employ the same constitutive equation and differential equation for bondslip as those used by Hanswille2. Hence, first we will introduce those equations briefly. (a) Constitutive model and bond-slip differential equation Consider a reinforced concrete member subjected to axial tensile force. When the stress attains the tensile strength of concrete, the first crack appears and the relative slip between steel reinforcement and surrounding concrete is produced. The following constitutive relation between the bond stress ti and the slip v is used in Hanswille's theory (x) = Af WvN(x) (6) where A and N are constants and few denotes the cubic compressive strength of concrete, and x is the longitudinal coordinate of the member. Note that N is not a nondimensional parameter but dimensional one. If the unit of length is cm, then Hanswille2 reported that A=0. 58 and N=0. 3 are standard values for a deformed bar.
By considering equilibrium of the RC member, a differential equation for bond-slip2 is given by (7) where n=modular ratio.
Boundary conditions for the differential Eq. (7) depend on the magnitude of the applied tensile force and a state of cracking. After first cracking of concrete, further increase of the axial force increases the number of cracks and accordingly deformation due to cracking, and thus spacing between adjacent cracks reduces. Hence the boundary condition can be classified into two categories depending on two stages of cracking shown in Fig. 4 .
In the initial cracking stage, there is the state I region between two adjacent cracks. Since there is no relative slip in the state-I region, there is no interaction between two adjacent cracks. On the other hand, in the stabilized cracking stage, the bond slip regions of two adjacent cracks overlap each other. Hence we have to consider effects of other cracks on the boundary condition. In the following subsections, expressions of the crack width w for both crack stages are listed. Each crack width expression can be derived from a corresponding particular solution of differential Eq. (7) with w = 2v at the crack position. b) Initial cracking stage As shown in Fig. 4(a) , the concrete stress in State I region between two adjacent cracks attains to the concrete tensile strength f in the initial cracking stage. The crack width in the initial cracking stage WR is given by2 (8) for Esr < E <E ER with (9) (10) where Eo denotes the strain of concrete due to shrinkage (contraction is negative).
Note that Hanswille considers the possibility of stress drop due to cracking in the initial cracking stage and proposes an expression of crack width when the applied stress is less than that in the first cracking as well. In the present FE analysis, however, we assume a constant stress state in the initial cracking stage as shown in Fig. 4(a) . Accordingly, we adopt Eq. (8), which is the crack width expression in the first cracking.
It should be also noted that LER in Fig. 4(a) is called the transmission length, and defined as the maximum length over which relative slip between steel and concrete occurs. The expression of the transmission length is obtained by solving the differential Eq. (7) as 
c) Stabilized cracking stage In the stabilized cracking stage, the crack spacing a is less than 2LER, and consequently two adjacent cracks interact each other, as shown in Fig. 4(b) . The crack width expression can be obtained from the differential Eq. (7) with a boundary condition in which the interaction effect is taken into account, (12) where (13) and f=a/LER is the nondimensional crack spacing. 
where (15) When evaluating the crack width by using Eq. (14) , it is needed to know 6511 from FE analysis. The relationship between 6 511 and the average stresses in FE analysis can be derived from the equilibrium condition, and we have (16) The average strain derived from the bond-slip differential Eq. (8) is given by Hanswille, as follows: (17) From this average strain expression, we can specify the average stress-strain of a RC member, which is used in the FE analysis.
COMPARISON WITH EXPERIMEN-TAL DATA (1) Specimens and test setup
To verify the proposed method for crack evaluation we compared the numerical results with experimental data14), whose experimental tests were conducted at Nagaoka University of Technology. The cross-sectional dimensions, span and loading details for the two specimens (SP-1 and SP-2) are shown in Fig. S . In addition, details of reinforcements in the concrete slabs and studs are summarized in Table 1 . The reinforcement ratio of SP-1 corresponds to normal continuous composite bridges, while that of SP-2 to heavily reinforced ones.
The two specimens are identical except for the reinforcement ratio, pitches of transverse reinforcement and stud arrangement. The material specification and material test results at a concrete age of 28 days are listed in Table 2. 16 it-gauges with a gauge length of 150 mm were attached on the top surface of the concrete slab in the central part of each specimen. These gauges were overlapped to ensure that all transverse crack widths could be measured. The applied load P and the vertical displacements at point A in Fig. S(b) are measured with load cells and linear variable differential transformers (LVDTs), respectively. The load *) The transverse reinforcement pitch is changed from 150 mm to 200 mm at the span centre.
42(1368)
P was applied in a cyclic way as shown in Fig. 6 . The loading tests for SP-1 and SP-2 were carried out at 36 and 59 days respectively after concrete casting.
(2) FE modelling FE analysis employing the smeared fixed crack model was carried out for the composite beam specimens used in the experiment. The FE mesh used in the analysis is shown in Fig. 7 . Due to symmetry, only half of each specimen was analysed. The steel girder and concrete slab were modelled with four-node isoparametric shell elements and eight-node solid ones, respectively. The longitudinal reinforcement was modelled with embedded bar elements as explained before, while the transverse reinforcement was neglected in the analysis. Fig. 8(a) shows the average stress-strain relation of the RC slab for SP-1, which is obtained from Eq. (17) with N=0. 3. This stress-strain relationship is decomposed into that for concrete (Fig. 8(b) ) and that for reinforcement steel in accordance with Eq. (5). These decomposed stress-strain relationships were used as input data in the FE analysis. Other input parameters for the analysis are listed in Table  3 . FE analysis was carried out by using FE program DIANA19. (a) Average stress-average strain relationship used in the FE analysis of SP-1.
(b) Stress-strain relationship for concrete Table 3 Material parameters used in FE analysis.
43(137s)
After cracking, concrete is modelled as an anisotropic material. The stiffness in the direction normal to the crack surface is evaluated in accordance with the stress-strain relationship shown in Fig. 8(b) , while that in the parallel direction retains the intact one. The decrease of the shear force transfer capability across the crack is taken into account by introducing the shear retention factor (O<<1). In the present analysis, a constant reduced shear modulus G is assigned to cracked concrete, where G is the shear modulus of the intact concrete. It is known that the shear force transfer capability, and accordingly the shear retention factor, decrease with increasing crack width20). This type of modelling is essential for cracking under tension and shear loading. In the present problem, however, cracking is dominated by tension loading, and shear loading after cracking is not dominant. Therefore the constant shear retention model was used in the current analysis. The constant shear retention model was used by many researchers, and different values of the shear retention factor were adopted21),22),23). A shear retention factor of =0. 25 was used b Hsuan and Schnobrich24>
and Crisfield and Wills
In addition, deterioration due to cyclic loading is neglected in the analysis.
It should be noted that nonlinear FE analysis with tension softening stress-strain relations, such as Fig. 8(b) , are frequently criticized for meshdependency and pathological localization of their numerical results. However, the present numerical results are confirmed not to depend on their mesh size. This is due to the embedded reinforcement, whose stiffness is superimposed on mother concrete elements. Thus, the total stiffness is not tension softening but hardening.
Comparisons of the vertical displacements obtained from the FE analysis with the experimental results are presented in Fig. 9 . The experimental data plotted in Fig. 9 are the average displacements at two points A in Fig. S(b) . In Fig. 9 , the load-displacement curves based on the linear elastic analysis assuming State I are also plotted for comparison. Although the analytical displacements are smaller than the experimental ones for both specimens, the agreement between the numerical results and the experimental data is fairly good, especially for SP-2. In Fig. 9(b) , the two nonlinear FEM results are plotted as referred to as "without stud" and "with stud". These legends mean difference in modelling shear studs. This aspect will be discussed in a subsequent section.
One reason for this underestimation of deflection is overestimation of the tension stiffening effect in the FE analysis. In the FE analysis, the tension stiff ening effect is taken into account by means of the average stress-strain relation, for example, shown in Fig. 8 for SP-1. In the average stress-strain relation, 13 defined by (0<f3<1) (18) expresses the magnitude of the tension stiffening effect. For the present numerical analysis, 1 values are ranging from 0. 56 to 0. 62. In the meanwhile, CEB/FIP-90 specifies i=0. 4 for short-term loading, and 1=0. 25 for long-term or repeated loading. Hence, it seems that the used average stress-strain relation obtained from Eq. (17) is not suitable for cyclic loading employed in the present experiments.
(4) Crack width
Using the proposed method, the crack widths were calculated at different load levels. In this calculation, the bond-slip parameters A=0. 58 and N=0. 3 in Eq. (12) were used; and the cubic concrete strength fW was converted to to cylindrical one 1 cm in accordance with fcm =0. 83f ew 26). Fig. 10 shows comparisons between the experimental crack widths and the numerical ones. In this figure, an average crack width as well as the maximum and minimum crack widths within the constant bending moment region in the central part of each specimen are plotted. The average crack width is calculated from crack widths measured from the itgauges through which cracks run. The number of cracks within the gauge length of each it-gauge is counted based on visual inspection. The experimental crack widths are considerably scattered in SP-l, while less scattered in SP-2. For SP-l, the numerical results are in good agreement with the average crack width, when P>500kN. However, when P<500 kN, the numerical results are smaller than the average experimental data. On the other hand, for SP-2, the numerical results are in good agreement with the averaged experimental data over all the range of the applied load.
As shown in the previous chapter, the proposed method is intended to predict the maximum crack width in the initial cracking state and the average crack width in the stabilized cracking state. From an engineering point of view, however, it is more important to predict the maximum crack width than the averaged one. Hence, for the stabilized cracking state it is necessary to convert the average crack width obtained from the proposed method into the maximum one.
Leonhart27 reported that the ratio of the maximum crack width to the averaged one in tensile RC members is 1. 3 on the basis of his experimental data. The maximum crack widths converted by using this ratio are also plotted in Fig. 10 . The converted results are in good agreement with the experimental results.
(5) Crack spacing and crack pattern Fig. 11 compares the proposed model prediction for the crack spacing with the experimental results as well as the crack spacing prediction based on JSCE code5. For experimental results, both average and maximum crack spacing are plotted, while the crack spacing obtained from the proposed method corresponds to the maximum value evaluated from the maximum non-dimensional crack spacing 1max in Eq. (14) . The maximum crack spacing obtained from the proposed method is in good agreement with the experimental results in the wide range of the stabilized cracking state. On the other hand, the prediction equation for crack spacing in JSCE code seems to be valid only in the end of the stabilized cracking state. This is essentially due to that the JSCE's equation was deduced from experimental crack spacing data in the stabilized cracking28. Although the crack positions appear to be affected by the transverse reinforcement positions, some cracks run through between two adjacent reinforcement bars. Consequently, the average crack spacing reported in the present experiment does not coincide with the pitch of transverse reinforcement bars.
(6) Effect of studs modelling So far, perfect bonding between the bottom of the concrete slab and the top of the upper flange plate has been assumed in the FE analysis. In this subsection, we consider the effect of shear stud deformation on cracking. To this end, the specimen SP-2 was also analysed employing beam elements that model shear studs explicitly as shown in Fig. 13 . In Fig. 9(b) , the load-displacement curve referred to as "with stud" is the FEM result employing the shear stud model in Fig. 13 , while that as "without stud" is from previous model. It can be seen from Fig. 9 (b) that explicit modelling of shear studs makes only a very slight improvement in the load-displacement relationship. Fig. 14 compares the crack width obtained from the stud model with that from the perfect-bonding model. From the results of Fig. 14, we conclude that the FE modelling of composite bridge without considering modelling of shear studs is appropriate in our proposed method of crack width evaluation.
CONCLUDING REMARKS
(1) The applicability of the effective width formula in Japanese Specifications for Highway Bridges (JSHB) to crack width evaluation for continuous composite bridges was examined through comparison with a wide concrete deck'. The crack width evaluated from Eq. (1) with the JSHB's effective width formula is less than the experimental maximum crack width. Hence, it seems that the direct application of JSHB's effective width formula to crack width evaluation leads to underestimation of the maximum crack width. (2) A numerical procedure for evaluating crack width in continuous composite bridges has been proposed. The procedure is combination of 3D FE smeared crack analysis and a bond-slip differential equation. The averaged behaviour including cracking in concrete is analysed with the FE analysis, and then the crack width is calculated from the averaged behaviour by using the bond-slip differential equation. Since 3D FE analysis is employed in the proposed procedure, the variation of the crack width in the transverse direction due to shear-lag effect is 46 (14os) evaluated directly. The crack width obtained from the proposed procedure was compared with experimental data. It was found that the obtained mean crack widths in the stabilized cracking state are in good agreement with the experimental mean crack width. (3) Since the maximum crack width is more important than a mean crack width from a durability point of view, the mean crack widths calculated from the proposed procedure were converted into the maximum one based on statistical data reported by Leonhart27. It was found that the converted maximum crack width, which is calculated with a max. /mean crack width ratio of 1. 3, reasonably agrees with the maximum experimental crack width. (4) The proposed procedure can be used in parametric studies to propose an effective width formula for the crack width evaluation. The effective width formula for crack width evaluation in continuous composite bridges is of future interest.
